were 83% (95% CI 69-96) and 91% (95% CI 83-97), respectively. The sensitivity and specificity of urine cytology alone were 91% (95% CI 79-100) and 74% (95% CI 60-91), respectively. Sequential 2-stage screening resulted in loss in sensitivity but a net gain in specificity (viral load threshold ≥ 10 4 copies/ml -sensitivity, 75% (95% CI 60-91); specificity, 98% (95% CI 95-99)). Two-stage screening also had superior positive predictive value and is cost effective when BKV-associated nephropathy prevalence is below 94%. Conclusions: Our study had demonstrated a favorable test performance and cost efficiency of 2-stage BKV screening.
tent immunosuppressive agents [3] . BKVAN is mostly diagnosed late in the advanced stage of the disease when irreversible damage has already occurred, leading to graft loss in 40-60% of the affected individuals [3, 4] . Hence, routine screening of BKV infection is now recommended to allow early detection of BKV replication and prompt reduction of immunosuppressant at earlier stages of the disease [5, 6] .
Screening serum viral load alone with polymerase chain reaction (PCR) test has been shown to have satisfactory test performance and is the recommended screening tool according to the KDIGO guidelines [5] . The current American Society of Transplantation guidelines have also supported screening BKV viremia with or without prior BKV viremia screening [6] . However, the high screening cost is the major obstacle for implementing universal serum BK viral load screening in post-kidney transplant recipients.
Detection of BK viremia usually precedes the development of BK viremia or BKVAN. However, a staged approach measuring BK viral load in urine followed by serum with PCR test was not cost-effective when compared with BKV serum PCR test alone [7] . Urine cytology for decoy cell is a surrogate marker of BK viremia. The test is inexpensive. Its negative predictive value (NPV) to rule out BKVAN is almost 100% [8, 9] . Sequential screening with urine cytology followed by BKV serum quantitative PCR potentially reduces screening cost. Nevertheless, the impact of such sequential test combination on the test performance characteristic has never been evaluated.
In this study, we aimed to compare the test performance of urine cytology, BKV serum quantitative PCR and 2-stage screening (consisting of urine cytology followed by BKV serum quantitative PCR). The screening costs of various screening methods were also evaluated.
Subjects and Methods

Study Participants
This was a retrospective analysis including 7 renal centers in Hong Kong, SAR, and Macau, SAR. This study was conducted in accordance with the Declaration of Helsinki and Declaration of Istanbul, and the study protocol was approved by the Institution Review Board/Ethics Committee. Kidney transplant recipients who had BKV serum quantitative PCR or urine cytology tested between 2006 and 2014 were evaluated, and only tests that had been verified with histopathology of the allografts were included in this study. Recorded baseline data included recipient characteristics such as age, gender, causes of end-stage kidney disease, transplantation type (categorized as deceased donor and living donor transplantation), immunological risk factors (such as the number of human leukocyte antigen (HLA) mismatches and the number of renal transplantations), immunosuppressant regime and posttransplant complications such as history of acute rejection.
BKV Test
Serum BK viral load by quantitative PCR was carried out in Queen Mary Hospital by a real-time PCR using the Light Cycler 480 System II. Specimen collection and processing, sequences of the quantitative PCR primers and TaqMan probe (targeting the BKV VP1 gene), amplification and quality assurance followed the established protocol [10] . Its use in local renal transplant patients has been verified. It had been demonstrated that the BK viral load in asymptomatic patients is quantifiably low (<3 log 10 copies/ml) and patients with biopsy-proven BKVAN had levels in the range of 6 log 10 copies/ml [11] . Urine cytology was performed by pathologists in individual hospitals. Smears stained by Papanicolaou method were assessed for the presence of decoy cells [12] . For indeterminate cases, immunostaining for polyoma large-T antigen (anti-SV40) will also be used. All the BKV tests would be paired with pathological assessment of kidney allograft biopsies which were the reference standards for diagnosing BKVAN. Diagnosis of BKVAN was based on viral cytopathic effect and confirmed by immunostaining of renal tissue for polyoma large-T antigen (anti-SV40) [13] .
Statistical Analysis
Demographic and transplant characteristics of BKVAN patients were compared with non-BKVAN patients. Comparisons between groups were performed by the chi-square statistic for categorical data and the Student t test for continuous data. The receiver operator curve (ROC) for BKV serum quantitative PCR in reference to biopsy-proven BKVAN was presented. Test sensitivity and specificity of urine cytology and serum viral load at different thresholds were determined. As positive predictive value (PPV) and NPV are not fixed characteristics of screening tests and vary with population prevalence of BKVAN, we determined these post-test probabilities with the Bayes' formula [14] . The PPV and NPV of various BKV screening protocols were presented using a range of BKV prevalence rates. There was no routine BKV screening in our centers. Therefore, a probabilistic model was constructed, using the sensitivity and specificity of urine cytology and BKV PCR derived from the current cohort, to estimate the test characteristics of 2-stage screening ( fig. 1 ). In the probabilistic model, patients were assumed to undergo urine cytology test, and only those patients who had urine decoy cell detected would be subjected to BKV serum quantitative PCR testing. Positive tests were defined as cases that have both urine decoy cell AND serum BK viral load above the cutoff threshold. Negative cases were defined as cases that have either no urine decoy cell or positive urine decoy but serum BK viral load below the cutoff threshold. Sensitivity, specificity, PPV and NPV were derived from the probabilistic model, and 95% CIs of all screening strategies were determined by bootstrap resampling method [15] . We also conducted a cost analysis to compare the screening cost of BKV screening with 2-stage screening and screening with serum BK viral load alone, using a hypothetical cohort of 1,000 transplant patients. All analyses were performed using SPSS version 16.0 (SPSS Inc., Chicago, Ill., USA) and R statistical software 3.0. 
Results
Study Population
A total of 192 post-kidney transplantation patients had BKV serum quantitative PCR performed during the study period. Of the 192 cases, 95 had matched allograft biopsy to verify the BKV test results and were included in the analysis. For the remaining 97 patients who were excluded, most of them were low risk for any pathological diagnosis. They had serum BK quantitative PCR because of transient allograft dysfunction that spontaneously improved (n = 68), for screening of newly transplanted patients (n = 19), successful completion of BKVAN treatment (n = 3) and unknown reason (n = 7).
Twenty-nine out of 95 patients (30.5%) had biopsyproven BKVAN. The pathological diagnosis of the 66 non-BKVAN cases included acute rejection/borderline change (n = 29), glomerulonephritis (n = 9), interstitial fibrosis and tubular atrophy (n = 15) and others (n = 13). Table 1 summarized the baseline characteristics of kidney transplant recipients with and without BKVAN. The average age was 45.4 ± 13.3 and 45.8 ± 12.6 years for BKVAN and non-BKVAN patients, respectively. The distribution of primary kidney disease, transplantation types, HLA mismatches, use of induction therapies and rejection rate were similar between both the groups. There was a significantly higher proportion of BKVAN patients using the tacrolimus-based immunosuppressant (non-BKVAN: 22 (33.3%) vs. BKVAN: 20 (69.0%), p < 0.001). Among the BKVAN patients, 17 cases (60.7%) were diagnosed within the first post-transplant year. The remaining 10 (35.7%) and 1 cases (3.6%) were diagnosed in 1-5 years and ≥ 5 years post transplant, respectively.
Sensitivity and Specificity of Urine Cytology, BK Serum Viral Load and 2-Stage Screening
Of the 95 patients who had BKV serum quantitative PCR test, 24 (36.4%) non-BKVAN patients and 1 (3.4%) BKVAN patient had negative test. Thirty-six (54.5%) non-BKVAN patients and 4 (13.8%) BKVAN patients had BK viremia detected at level <10 4 copies/ml. Six (9.1%) non-BKVAN patients and 24 (82.8%) BKVAN patients had BK viral load ≥ 10 4 copies/ml. The ROC curve evaluating the test performance of BKV serum quantitative PCR is shown in figure 2 . The area under curve was estimated to be 0.92 (95% CI 0.83-0.98). The sensitivity and specificity of BKV serum quantitative PCR test at various cutoff thresholds were summarized in table 2 . At a threshold of ≥ 10 4 copies/ml, the test sensitivity and specificity for BKVAN were 83% (95% CI 69-96) and 91% (95% CI 83-97), respectively. Increasing the cutoff threshold would increase the specificity but reduce the sensitivity of the test.
Sixty-nine patients (non-BKVAN: n = 46; BKVAN: n = 23) had urine cytology performed. Decoy cell is present in 12 (26.1%) non-BKVAN and 21 (91.3%) BKVAN patients, respectively. The sensitivity and specificity of urine cytology for BKVAN were 91% (95% CI 79-100) and 74% (95% CI 60-91), respectively ( table 2 ) . Table 2 summarized the sensitivity and specificity of 2-stage screening at various serum viral load cutoff thresholds. Sequential testing with urine cytology followed by BKV serum quantitative PCR resulted in loss in sensitivity but a net gain in specificity, compared to either of the tests used alone. At viral load threshold ≥ 10 4 copies/ml, the sensitivity and specificity of the 2-stage screening algorithm were 75% (95% CI 60-91) and 98% (95% CI 95-99). Increasing the cutoff threshold would increase the specificity but reduce the sensitivity.
PPV and NPV of Urine Cytology, BKV Serum
Quantitative PCR and 2-Stage Screening PPV and NPV are not fixed characteristics of the test and depend on the prevalence of the disease in the population tested and the validity of the test (sensitivity and specificity). Figure 3 presented the PPV and NPV of various BKV screening protocols according to a range of BKV prevalence rates. Urine cytology had the lowest PPV irrespective of BKVAN prevalence rates. BKV serum quantitative PCR has higher PPV than urine cytology. Increasing the viral load threshold would improve the PPV of serum quantitative PCR. Two-stage screening using viral load threshold ≥ 10 4 copies/ml had superior PPV when compared with either urine cytology or BKV serum quantitative PCR alone ( fig. 3 a) .
BKV serum quantitative PCR threshold ≤ 10 3 copies/ ml had the best NPV irrespective of BKVAN prevalence rate. Increasing the viral load threshold would reduce the NPV of serum quantitative PCR. Two-stage screening using viral load threshold ≥ 10 4 copies/ml had non-inferior NPV when compared with either urine cytology or BKV serum quantitative PCR alone if BKVAN prevalence ranged from 1 to 10%, which is the commonly reported range of BKVAN prevalence ( fig. 3 b, shaded area) [1, 2] .
Cost Analyses
In-house BKV DNA assay is available in Queen Mary Hospital at a cost of around US$150 per assay. The average screening cost of urine cytology is around US$20. All cost estimation included both staff cost and consumables. We assume yearly BKV screening in a hypothetical cohort of 1,000 kidney transplant recipients. The average screening cost for serum BK viral load testing alone would be US$150,000. The screening cost of 2-stage screening test would vary with BKVAN prevalence. With increasing prevalence, there would be increasing cases with decoy cell detected that need further testing with serum viral load, hence increasing the screening cost ( fig. 4 ) . The 2-stage screening costs less than BKV serum quantitative PCR alone when BKVAN prevalence is low and only confers an increased screening cost when BKVAN prevalence exceeds 94%.
Discussions
Compared with BKV screening with urine cytology alone and BK serum viral quantitative PCR alone, sequential 2-stage screening had improved specificity at the cost of reduced sensitivity. The prevalences of BKVAN were commonly reported between 1 and 10%. In these range of prevalence rates, 2-stage screening had superior PPV and non-inferior NPV. In addition, 2-stage screening is cost effective when BKVAN prevalence is below 94%.
The management of BKV infection remains a significant problem, and an effective anti-viral treatment is still lacking. Therefore, the cornerstone of management hinges upon early detection of BKV reactivation and cautious reduction of immunosuppressant. BKV screening with urine decoy cell analysis is inexpensive and has high sensitivity. However, its low PPV may result in high false positive rates and unnecessary biopsy trigger. Detecting 415 serum viral load alone with PCR test has been shown to have excellent NPV of almost 100% and quantitative PCR would improve the PPV from 40 to 80% [4, [16] [17] [18] . KDIGO guideline now suggests screening all renal transplant recipients with quantitative nucleic acid testing (NAT) and reducing the dose of immunosuppressant when BKV plasma NAT is persistently >10 4 copies/ml [5] . However, the high screening cost is the major obstacle for adopting it as a routine screening strategy. Combining decoy cell and viremia simultaneously with 'AND' and 'OR' combination for BKVAN screening has been evaluated [18] . Only comparable sensitivity was achieved in the 'OR' combination (when compared with testing serum viral load alone) and PPV was compromised in the 'AND' combination.
From our knowledge, this is the first study to explicitly evaluate the test performance of sequential screening algorithm with urine cytology followed by BKV serum quantitative PCR. Urine cytology is a useful screening test to rule out BKVAN. At low BKVAN prevalence, significant proportion of low risk patients would be screened out by urine cytology. As urine cytology has high sensitivity, the chance of screened failure (i.e., false negative) would also be low. The remaining individuals who have urinary decoy cell and need further serum viral load testing would be of higher risk of BKVAN (i.e., higher prevalence) and hence higher PPV would be achieved in the second stage BKV serum quantitative PCR.
In addition to the satisfactory test performance, such sequential 2-stage screening algorithm is cost effective. Chakera et al. [19] also reported saving of approximately £135,000 over 2 years in BKV screening using decoy cell followed by serum viral load for cases with sustained decoy cell, compared with routine surveillance by quantitative PCR alone. A Canadian group had created a compre- hensive cost-effective model and demonstrated that centers with modest or high rate (>3%) of BKVAN could benefit most from routine BKV screening consisting of combined blood and urine tests [20] . However, in this study, there was no fixed BKV screening protocol, and a wide range was explored in their sensitivity analysis. Smith et al. [21] have performed a cost analysis for sequential screening test. It has been illustrated that reduction in immunosuppressant covers the cost of screening for polyoma viral infection. Compared with serum viral load screening alone, we also demonstrated 2-stage screening is cost effective when prevalence of BKVAN is below 94%.
Our study has both strengths and potential limitations. Unlike many other studies that did not have histological reference test and only inferred diagnosis in the screened negative cases, both BKVAN and non-BKVAN cases included in our study have been verified with histopathology. We also illustrated the impact of changing the viral load cutoff threshold on the test characteristics in different screening protocols. The limitations of our study include the small sample size and retrospective design. We do not have a routine BKV screening protocol. The samples included in our cohort were those with biopsy for cause and PCR testing. Not all subjects in the cohort had urine cytology testing. In order to minimize biased estimate of the test characteristic of 2-stage screening, we constructed a probabilistic model and derived the test characteristic parameters using the sensitivity and specificity of urine cytology and serum BKV quantitative PCR, which are fixed characteristics and not influenced by the study cohort characteristics (such as disease prevalence).
On the other hand, PPV and NPV are post-test probabilities that are significantly influenced by the prevalence of disease in the population tested. Thus, we presented them in a range of BKVAN prevalence. Implementing BKV screening and pre-emptive reduction of immunosuppressant in cases with sustained viremia detected by 2-stage screening protocol has both positive and negative sides. This potentially improves graft survival and reduces graft failure from BKVAN but at the tradeoff of increased rejection risk. Further study to delineate the benefit and risk will be warranted. In our study, only screening cost was included in the cost analysis. Cost utility analysis that evaluates the direct/indirect costs would also be necessary.
To conclude, sequential testing of BKV with urine cytology followed by quantitating serum viral load would improve test specificity and has the highest PPV to identify BKVAN cases and non-inferior NPV to rule out BKVAN at lower screening cost. The favorable test performance characteristics and cost efficiency suggested that 2-stage screening would be the BKV screening test of choice, particularly in centers that cannot afford routine screening with serum PCR alone. Although urine cytology is historically an 'old standard' for investigating suspected BKVAN, which is no longer performed in many hospitals including those in the US, our results suggest that this inexpensive assay should be revitalized.
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